Introduction
============

Colorectal cancer (CRC) is a worldwide problem, with over 1.3 million new cases and almost 700,000 associated deaths reported per year \[[@b1-ce-2017-141]\]. The rates of CRC are higher in Westernized countries \[[@b2-ce-2017-141]\]; in the UK and America, it is the third most frequently diagnosed cancer, after lung and prostate cancer in men, and lung and breast cancer in women \[[@b3-ce-2017-141],[@b4-ce-2017-141]\]. The lifetime risk of CRC is around 5%, although there is slight variation between men and women: CRC affects 1 in 14 men and 1 in 19 women in the UK \[[@b5-ce-2017-141]\]. The incidence of CRC has been increasing in recent years \[[@b6-ce-2017-141]\], in part because of an ageing population. The CRC incidence increases with age, with most cases being diagnosed in people over 60 years \[[@b5-ce-2017-141]\]. The recent increase in its incidence may also in part be because of increased availability and use of diagnostic tests for early diagnosis of CRC. This has been observed in the UK, where the CRC incidence increased after the introduction of several national programs designed to increase the rate of early diagnosis \[[@b7-ce-2017-141]\]. This shortterm increase should be followed by a drop in CRC incidence, as fewer patients present at a later stage and cancers are prevented by premalignant polyp resection. Again, this has been observed in the UK and may explain the decline in incidence witnessed recently in America \[[@b8-ce-2017-141],[@b9-ce-2017-141]\].

The World Health Organization issued guidelines on screening tests in 1968 \[[@b10-ce-2017-141]\]. CRC meets these screening requirements: it is a significant worldwide issue, has a latent phase during which treatment is possible and potentially curative, tests to identify it are widely available and accessible to the public, and the natural history of the disease is reasonably well known. There is also a treatable premalignant stage in the development of CRC: adenomatous or serrated polyps harbor the potential to develop malignant changes. Screening should be conducted at a time when the benefits of detecting cancers or removing pre-malignant polyps outweigh the potential risks from the screening test.

Screening can be in the form of direct endoscopic or radiological procedures or indirect measures such as stool testing. The approach to developing screening programs differs around the world and is primarily driven by cost and resource constraints, such as endoscopy unit capacity. In some countries, screening is performed as part of routine clinical services, whereas in others, a separate service for screening exists, often with more robust quality assurance. Screening may also be offered as part of an organized program of population invitation or on an opportunistic basis.

In this Review article, we summarized the methods of CRC screening (those currently in use and those with future potential), discussed the populations in which screening may be carried out, and considered when screening should be undertaken. A literature search was performed in PubMed using the following search terms: colorectal cancer screening, guaiac fecal occult blood testing, FIT, stool DNA testing, flexible sigmoidoscopy screening, CT colonography screening, capsule endoscopy screening. National and international guidelines on CRC screening were examined. Further, the Cochrane Database of Systematic Reviews was searched using the term "colorectal cancer screening".

WHO SHOULD BE SCREENED?
=======================

Screening can be targeted at those predisposed to CRC or can be population based for those at average risk. The latter is usually performed after a defined age, given that age is one of the main risk factors for CRC. This review focuses on asymptomatic population-based screening.

Population screening
--------------------

There are two, often overlapping, approaches to population-based CRC screening: (1) To detect CRC at an earlier and more treatable stage, thereby reducing CRC mortality; (2) To detect and remove premalignant precursor polyps to prevent CRC development, thereby reducing CRC incidence.

The majority of CRCs develop through the adenoma-carcinoma sequence \[[@b11-ce-2017-141]\], with small adenomas slowly increasing in size over a prolonged period of time, and if these dysplastic polyps accumulate genetic alterations, such as p53 or K-ras mutations, they ultimately develop into CRC \[[@b12-ce-2017-141]\]. A similar and increasingly recognized route is the serrated polyp pathway, which may account for up to 35% of CRCs \[[@b13-ce-2017-141]\]. These processes are usually clinically silent---symptoms attributable to CRC do not usually develop until the cancer is advanced, by which time it is less likely to be curable. In England, where the stage at diagnosis was known in 82% of CRC diagnoses in 2013, 37% presented at stage I/II.14 The 5-year survival exceeds 90% for localized disease, but that for disease that has already metastasized is less than 7% \[[@b15-ce-2017-141]\].

Screening programs based on premalignant precursor polyp detection, such as flexible sigmoidoscopy (FS) screening, aim to improve CRC mortality by reducing CRC incidence. As this requires the detection of premalignant lesions earlier in the adenoma-carcinoma sequence, screening should occur at an earlier point, because of which screening with this type of program begins at a younger age.

Screening may be offered via an organized screening program, for example, by the Bowel Cancer Screening Programme (BCSP) in England, where individuals aged 55 years are invited for a one-off FS, followed by biennial guaiac fecal occult blood testing (gFOBt) between the ages of 60 and 74 years, or the French, Scottish or Croatian screening programs of biennial gFOBt from ages 50 to 74 years. This approach requires a highly structured program with robust invitation, delivery, follow-up, and data collection methods. These large-scale programs often involve a compromise in terms of screening modality, since the test must be feasible and affordable for whole-population screening and yet, they may save more lives simply because of the greater participation.

An alternative approach is for CRC screening to be opportunistically offered, as it is in America, where guidelines on screening exist \[[@b16-ce-2017-141]\], but an organized program in which participants from across the nation are invited does not. In this model, access to CRC screening depends on public awareness and motivation, access to healthcare providers, and the ability to pay. Participants may derive greater personal benefit as they undergo a more sensitive test (with colonoscopy being the usual screening modality in opportunistic CRC screening), yet the population-wide benefit may be lower because of lower levels of participation \[[@b17-ce-2017-141]\].

At-risk groups
--------------

Screening for CRC is also recommended in certain cohorts that carry an increased risk of developing CRC. These include individuals with polyposis syndromes, acromegaly, and colonic inflammatory bowel disease; those with a genetic predisposition such as Lynch syndrome; and those with a family history of CRC. In the present study, we focus on screening asymptomatic populations rather than at-risk groups, but for completeness, the British and American recommendations are listed in [Table 1](#t1-ce-2017-141){ref-type="table"} \[[@b18-ce-2017-141]-[@b20-ce-2017-141]\]. These groups are offered screening with colonoscopy in most instances, because of its superior sensitivity and specificity.

HOW SHOULD WE SCREEN?
=====================

Several methods are available for CRC screening, including indirect tests such as stool testing and direct methods such as lower gastrointestinal (GI) tract endoscopy or radiological investigations. In this section, we review the methods of CRC screening and discuss their accuracy and acceptability.

Stool testing
-------------

Stool testing is used to detect indicators of CRC, usually blood in the stool, and therefore is used in screening where early detection of CRC is the primary aim.

### Guaiac fecal occult blood testing

As CRCs increase in size, they may bleed. Bleeding is often occult and may be intermittent. gFOBt identifies the presence of heme in stool and hence, may detect bleeding from a CRC. In this test, stool is placed on guaiac-impregnated paper; in the presence of heme, a peroxidase reaction occurs, causing the paper to turn blue. This is a qualitative assessment, that is, the test reader must decide whether or not the color change is adequate. Patients who are deemed gFOB-positive are subsequently referred for a diagnostic colonic investigation, usually colonoscopy.

To account for the potentially intermittent nature of CRC bleeding, stool sampling is usually required from several separate stool samples. The test is also not specific to human blood: any heme present in the stool sample can interact with the guaiac, including non-human heme in ingested red meat. Foods with naturally high levels of peroxidase (such as horseradish, broccoli, cauliflower, or cantaloupe) can also cause a positive reaction \[[@b21-ce-2017-141]\]. Dietary modifications may reduce the false positive rate, but this is at the expense of reduced participation due to the added complexity. Testing can be performed on rehydrated (more sensitive, less specific) or non-rehydrated samples (less sensitive, more specific). gFOBt is also limited by its poor sensitivity for detection of adenomas and CRC compared to other screening modalities \[[@b17-ce-2017-141]\], although its availability, lower cost than immunochemical tests, established use, and randomized controlled trial (RCT) evidence base demonstrating its effectiveness in reducing CRC mortality have led to it being the most frequently used fecal occult blood test in early CRC screening studies. In contrast, no RCTs have been conducted for fecal immunochemical testing (FIT) thus far \[[@b22-ce-2017-141]\].

A meta-analysis of three trials of biennial gFOBt including over 172,000 people demonstrated a relative reduction in CRC mortality by 15% \[[@b23-ce-2017-141]\]. Four large-scale trials have examined gFOBt as a screening tool for CRC, showing positivity rates of 0.8%--5.3% for non-rehydrated samples and 1.7%--14.3% for rehydrated samples ([Table 2](#t2-ce-2017-141){ref-type="table"}) \[[@b24-ce-2017-141]-[@b27-ce-2017-141]\]. The English BCSP currently uses non-rehydrated samples for the gFOBt and previously demonstrated a positivity rate of 2% \[[@b15-ce-2017-141],[@b28-ce-2017-141]\]. A similar rate has been also shown in Scotland (2.1% positivity; age of screened individuals, 50--69 years) and France (2.8% positivity; age of screened individuals, 50--74 years) \[[@b29-ce-2017-141]\], and a higher positivity rate of 3.6% was observed in Finland (age of screened individuals, 60--69 years \[[@b30-ce-2017-141]\]; an earlier study in Finland with 60- to 64-year-old individuals reported a gFOBt positivity of 2.1%) \[[@b31-ce-2017-141]\]. However, the rate of CRC diagnosis after a positive gFOBt varies between 7% and 21% in England, Scotland, and France \[[@b28-ce-2017-141],[@b29-ce-2017-141],[@b32-ce-2017-141]\], but is only 3.6% in Finland \[[@b33-ce-2017-141]\]. A similar low CRC detection after a positive gFOBt was observed in Croatia (6.8% positivity; CRC incidence after positive gFOBt, 3.8%) \[[@b34-ce-2017-141]\], but uptake of this program was low, at less than 20%. These programs and their outcomes are summarized in [Table 3](#t3-ce-2017-141){ref-type="table"}. It should be noted that the definition of test positivity differs from program to program. In England, double sampling is required from 3 separate stools, and a positive test is defined as 5 or 6 of 6 windows being positive for heme. A repeat kit is requested for 1--4 positive windows; if any window is positive in the repeat test, the findings are deemed positive. If no windows are positive in the repeat kit, a third kit is performed; if any window is positive in that kit, the participant is deemed to have a positive result. If no windows are positive in the third kit, the participant is deemed to have had a negative test \[[@b35-ce-2017-141]\]. In both the French and Finnish programs, a test is deemed positive if any of the 6 windows are positive for heme \[[@b29-ce-2017-141],[@b30-ce-2017-141]\]. In the three previously described trials of biennial gFOBt screening as well, the definition of positivity differed: the Nottingham study required 5 or 6 positive windows, or 1--4 positive windows followed by 1--6 positive windows in a repeat test \[[@b24-ce-2017-141]\], and both the Minnesota and Funen studies deemed 1--6 windows positive for heme as a positive test \[[@b25-ce-2017-141],[@b26-ce-2017-141]\].

When compared against FS screening (with the expectation that positive gFOBt results would lead to colonoscopy as would FS that identified adenomas) in a Cochrane review, both gFOBt and FS screening were found to reduce CRC mortality when compared to no screening at all (FS: RR, 0.72 \[95% confidence interval \[CI\], 0.65--0.79\]; gFOBt: RR, 0.86 \[95% CI, 0.80--0.92\]), but no conclusion could be reached as to whether one method was better than the other because only low quality data were available \[[@b36-ce-2017-141]\]. However, as gFOBt has been shown to have a lower sensitivity for detection of advanced adenomas (11%--41% compared to 50%--81% for FS), it is probably less effective at reducing CRC incidence \[[@b37-ce-2017-141]\].

Five countries have an established, fully rolled-out gFOBtbased screening program. Uptake of screening in these countries is 68.8% in Finland (although the programme is being implemented via a randomized trial) \[[@b30-ce-2017-141]\], 55.4% in the UK \[[@b15-ce-2017-141]\], 53%--55.3% in Scotland \[[@b32-ce-2017-141]\], 34.4% in France \[[@b29-ce-2017-141]\], and 19.9% in Croatia \[[@b34-ce-2017-141]\]. Many factors play a part in the reasons for non-participation in screening, including socioeconomic status, ethnicity, age, and gender \[[@b38-ce-2017-141]\]. The nature of the test procedure itself has also been reported as a reason for non-participation in CRC screening \[[@b39-ce-2017-141],[@b40-ce-2017-141]\]: this is one of the reasons that many gFOBtbased programs are moving to FIT-based screening.

### Fecal immunohostochemical testing

FIT analyzes stool samples for the presence of blood using a mono- or polyclonal antibody to human hemoglobin. When hemoglobin is present, it forms a complex with the antibody, which can be quantified \[[@b41-ce-2017-141]\]. FIT has several advantages over gFOBt. Unlike gFOBt, it is not affected by false positive results from food, as it is specific for human hemoglobin. FIT requires fewer sampling episodes, often with only one sample being required \[[@b42-ce-2017-141]\]. It is also more specific for a lower GI source of bleeding than gFOBt is \[[@b22-ce-2017-141]\]. A meta-analysis of FIT accuracy demonstrated that its overall pooled sensitivity for CRC is 0.79 (95% CI, 0.69--0.86) and specificity is 0.94 (95% CI, 0.92--0.95) \[[@b43-ce-2017-141]\]. Further, the advanced adenoma yield over two rounds of screening did not differ irrespective of whether 1 or 2 samples were taken at each screening round, suggesting that single sample testing is adequate \[[@b44-ce-2017-141]\].

As it allows quantitative analysis of stool blood content, FIT has varied cut-off levels for detection, and the analysis process is automated. Review of the existing literature demonstrated a decreased positivity rate and increased specificity and positive predictive value for CRC and advanced adenomas with increasing cut-off levels \[[@b22-ce-2017-141]\]. Frequently used cut-off points are 20, 50, and 100 μg/g (100, 250, and 400 ng/mL respectively) \[[@b43-ce-2017-141]\]. This ability to vary the "positive test" cut-off allows screening programs to adjust the level to provide an acceptable threshold for further investigations without exceeding the capacity of the endoscopy service, which will deliver those investigations. In established gFOBt programs, a FIT cut-off to provide the same positivity rate as for gFOBt may be used: for example, in Scotland, a cut-off of 80 μg/g (400 ng/mL) provided approximately the same positivity level as gFOBt of 2.4% \[[@b42-ce-2017-141]\]. An alternative approach was used in a Dutch study where they aimed to detect the same amount of advanced adenoma using FIT as with gFOBt. They found a cut-off of 75 ng/mL lead to a similar rate of advanced adenomas as the gFOBt program \[[@b45-ce-2017-141]\]. Consideration has also been given to the use of a lower cutoff level, with a resulting higher positivity and consequently, higher CRC and advanced adenoma detection rates (ADRs). It was demonstrated that a lower cut-off could allow extension of the screening interval as positivity rates and CRC and advanced ADRs were similar to those in the standard screening scenario \[[@b46-ce-2017-141]\]. It has been recommended that standardization of FIT reporting is required if it is to become a routine part of CRC screening \[[@b47-ce-2017-141]\].

FIT is in use in a number of screening programs, many of which are still in the pilot or roll-out phases \[[@b17-ce-2017-141]\]. Few have yet reported outcomes of screening with FIT outside of a trial setting. There are no trials comparing the outcomes of screening with FIT versus no screening, but comparisons of FIT versus gFOBt have been reported. All available outcomes of FIT are summarized in [Table 4](#t4-ce-2017-141){ref-type="table"} \[[@b42-ce-2017-141],[@b48-ce-2017-141]-[@b50-ce-2017-141]\]. Patient compliance and satisfaction with FIT have been shown to be greater than with those with gFOBt. The participation rate was reported to be 12% higher for FIT than gFOBt \[[@b49-ce-2017-141]\], even when dietary restrictions for the gFOBt arm were lifted. This suggested the simpler method and requirement for only a single sampling episode rather than 3 episodes affected the likelihood of completing the screening process.

### Other stool tests

Stool DNA testing is a developing area of investigation. Stool samples are analyzed for DNA markers of neoplasia, since the cells of CRCs and advanced adenomas contain abnormal DNA markers (such as aberrantly methylated promoter regions, mutant K-ras, and β-actin) \[[@b51-ce-2017-141]\]. Early stool DNA tests detected only one marker, but newer tests are multi-target and have demonstrated higher sensitivity than FIT for advanced adenomas (42% vs. 23%) and CRC (92% vs. 72%) \[[@b51-ce-2017-141]\]. However, this improved sensitivity comes at the expense of higher test positivity (16% vs. 7%, for FIT) and will therefore place greater demands on endoscopy services \[[@b51-ce-2017-141]\].

Other stool tests such as those for RNA markers, protein markers, and microbiome-based biomarkers are also being investigated for use in CRC screening, but further work is required before these find common usage. Current limitations are related to high costs and practicalities as a large volume of stool is required \[[@b51-ce-2017-141]\].

Endoscopy
---------

Endoscopy can be used to detect asymptomatic CRC, with the aim of shifting the diagnosis towards an earlier stage and thereby reducing CRC mortality. Endoscopy can also detect and remove adenomas, interrupting the adenoma-carcinoma sequence, preventing cancer development and hence reducing CRC incidence. The latter strategy is the primary rationale underpinning screening with FS.

### Flexible sigmoidoscopy

FS screens for adenomas using a flexible endoscope inserted into the distal colon, with the aim of examining at least the rectum and sigmoid and, if possible, as far as the splenic flexure. There are variations in practice with regard to the bowel cleansing preparation required (enema preparation versus full oral bowel cleansing), depth of insertion desired, medications used (none, Entonox, or intravenous sedation), and the threshold for referral for a completion colonoscopy. There have been four RCTs of FS screening individuals in the age range 55--74 years conducted in Europe \[[@b52-ce-2017-141]-[@b54-ce-2017-141]\] and America \[[@b55-ce-2017-141]\]. These are summarized in [Table 5](#t5-ce-2017-141){ref-type="table"} \[[@b50-ce-2017-141],[@b52-ce-2017-141]-[@b57-ce-2017-141]\]. The European studies offered once-only FS, whereas the American study offered subsequent FS after 3--5 years. The primary goal of FS screening, particularly when used toward the lower end of the age range, is to detect and resect premalignant adenomatous polyps, preventing cancer development. Pooled analysis of these studies estimated a risk reduction of 18% for CRC incidence and 28% for deaths from CRC \[[@b58-ce-2017-141]\]. Further, a more recent pooled analysis of three of these four studies (two of the European studies and the American trial) evaluated the effect of age and gender on CRC incidence and mortality, demonstrating a reduction of 24% and 33%, respectively, in men regardless of age, but a smaller effect in women, and in women younger than 60 years rather than older than 60 \[[@b59-ce-2017-141]\].

Compared to gFOBt or FIT, FS has a higher detection rate of advanced neoplasia (i.e., advanced adenomas and CRC) \[[@b49-ce-2017-141]\] but has a lower specificity and sensitivity than colonoscopy for both advanced adenomas and CRC \[[@b37-ce-2017-141]\].

On the basis of the findings from the UK FS screening trial \[[@b52-ce-2017-141]\], the English BCSP recently added a one-off FS screening for all 55-year-olds. This trial now has 17 years of follow-up data and shows that a single FS results in reduction in CRC incidence and mortality of 26% and 30%, respectively, in intention-to-treat analyses \[[@b60-ce-2017-141]\]. Initial pilot sites commenced in 2013 with roll-out to all screening centers planned by 2018. An early pilot of the program demonstrated an ADR of 9.8% \[[@b61-ce-2017-141]\], and first-wave pilot sites have reported similar rates \[[@b62-ce-2017-141]\]. This rate initially appears lower than the 12.1% ADR reported in the UK trial, but two factors affect this figure: first, the population age being screened differs (55--60 years in the study versus 55 years in the screening program) and as already discussed, the ADR increases with age; second, the ADR in the screening program is calculated from histological analysis from the index procedure only, whereas in the trial, a composite ADR was calculated based on adenomas detected at both the screening FS and the subsequent colonoscopy.

A meta-analysis considering survival benefit (i.e., the longterm benefits over several years versus the immediate harms screening exposes participants to) suggested FS may be an appropriate screening test to offer to older adults (when compared to no screening), provided they have a life expectancy of more than 10 years, as the time taken to benefit for an absolute risk reduction of 1 in 1,000 was 9.4 years \[[@b63-ce-2017-141]\]. A Cochrane review of FS screening suggested similar effectiveness of gFOBt, but in the absence of any trial data comparing the two screening processes, it could not conclude that one method was better than the other \[[@b36-ce-2017-141]\].

FS is deemed to be a low-risk procedure (in the three RCTs of FS screening, there were two perforations in almost 54,000 procedures) \[[@b56-ce-2017-141],[@b57-ce-2017-141],[@b64-ce-2017-141]\], although subsequent colonoscopy based on initial FS findings carries some additional risk. To date, only England offers an organized national program of FS screening, with a pilot program running in Norway \[[@b17-ce-2017-141]\] and some areas of Italy offering FS screening \[[@b65-ce-2017-141]\]. Uptake in England was 44.1% in the first year of the program, with significant variation across the country \[[@b62-ce-2017-141]\]. Uptake was lower than in the gFOBt arm of the BCSP, where it approached 60% \[[@b66-ce-2017-141]\]. Posttest questionnaires were utilized during the pilot phase of the program, demonstrating overall high levels of satisfaction and low levels of embarrassment \[[@b67-ce-2017-141]\]. However, 43% of the participants reported moderate or severe pain during the procedure, a level underestimated by endoscopists \[[@b62-ce-2017-141]\] and suggests a need to evaluate comfort levels further within the program. It is not yet known how experience of this FS program at 55 years of age will affect uptake and involvement in the gFOBt arm of screening starting at 60 years of age, nor is it known what the effect of prior FS screening will be on the pathological yield of subsequent FOB/FIT screening.

### Colonoscopy

Examination of the entire colon using a flexible colonoscope is the "gold standard" investigation for CRC. Screening with colonoscopy has the primary aim of detecting CRC and a secondary aim of detecting and removing adenomas. It allows direct assessment of the entire colonic mucosa, although visualization is rarely 100%. A post-colonoscopy CRC (PCCRC, a CRC diagnosed within 3 years of negative colonoscopy) suggests that a cancer or premalignant polyp may have been missed at colonoscopy. A nation-wide study in England demonstrated this occurred at a rate of 8.6% \[[@b68-ce-2017-141]\], and this should be considered when counseling participants. The PCCRC rate is an important indicator of the quality of colonoscopy, and it has been demonstrated that endoscopists with higher ADR have lower PCCRC rates \[[@b69-ce-2017-141],[@b70-ce-2017-141]\]. As such, ADR is used as a key surrogate marker for colonoscopy quality. Colonoscopy should therefore be of the highest quality to maintain the benefits of screening, and serial audits of practice in the UK have shown improvements in the key performance indicators (KPIs) for diagnostic colonoscopy \[[@b9-ce-2017-141],[@b71-ce-2017-141]\]. In England, BCSP colonoscopies are performed by screening-accredited colonoscopists who maintain high KPI standards. The BCSP and its data collection system have ensured improvements in KPIs and more robust quality assurance \[[@b72-ce-2017-141]\]. In other countries, specific screening accreditation is often not required, although the need for high-quality procedures is well recognized.

Colonoscopy is occasionally offered as the initial screening tool of choice in countries where screening is offered opportunistically. Only Poland has an organized screening program with colonoscopy as the primary screening test. This program started as an opportunistic screening program \[[@b73-ce-2017-141]\] and has randomized 55- to 64-year-old individuals to an immediate or postponed invitation to screening since 2012 \[[@b74-ce-2017-141]\]. In America, guidelines recommend colonoscopy screening commencing at age 50 years, with 10-yearly procedures \[[@b16-ce-2017-141]\]. This screening is opportunistic and is offered via the patients' healthcare provider and is not part of an organized program. The American College of Gastroenterology guidelines \[[@b16-ce-2017-141]\] suggest a range of alternatives that can be offered depending on patient preference.

Although strong evidence backs the use of endoscopic screening, there is currently little proof that colonoscopy is superior to FS in terms of mortality reduction. Two large-scale RCTs are underway to explore the outcomes of screening colonoscopy \[[@b75-ce-2017-141],[@b76-ce-2017-141]\], but no results are expected until the next decade. Cohort studies of patients undergoing colonoscopy and clearance of polyps demonstrate reduction of CRC incidence by up to 90% \[[@b77-ce-2017-141],[@b78-ce-2017-141]\], but these are not asymptomatic populations.

In most countries, colonoscopy is used as the second step in the screening process after FS or fecal occult blood testing (with gFOBt or FIT) \[[@b17-ce-2017-141]\]. This is primarily because of cost and resource constraints and has been demonstrated to be a cost-effective measure \[[@b17-ce-2017-141],[@b79-ce-2017-141]\].

One of the drawbacks of colonoscopy as a screening tool is the potential for complications. These include bleeding, bowel perforation, complications of sedation, and complications of bowel cleansing preparations. Overall, low rates of serious complications have been reported by the English BCSP (bleeding requiring transfusion, 0.04%; perforation, 0.06%) and the French screening program (overall rate of serious complications, 0.06%) \[[@b15-ce-2017-141],[@b28-ce-2017-141],[@b29-ce-2017-141],[@b80-ce-2017-141]\].

Colonoscopy can be an uncomfortable procedure, and overall patient experience (taking into account not just discomfort but embarrassment, bloating, and other aspects) should be maintained at an acceptable level to ensure it is a viable screening option \[[@b67-ce-2017-141],[@b72-ce-2017-141],[@b81-ce-2017-141],[@b82-ce-2017-141]\]. Work on comfort during screening has been undertaken in the English BCSP, and colonoscopy and FS procedures have been largely well tolerated, with no or minimal pain reported in 64.3% and 79% cases, respectively, and severe pain reported in only 1.3% and 1%, respectively \[[@b72-ce-2017-141],[@b81-ce-2017-141]\]. However, it should be noted that these comfort scores were recorded by the nursing staff, and there appeared to be a discrepancy between these scores and those reported by patients; in qualitative studies, over 25% of patients reported experiencing more discomfort than expected with both screening modalities \[[@b67-ce-2017-141],[@b83-ce-2017-141]\].

### Colon capsule endoscopy

Examination using colon capsule endoscopy (CCE) allows minimally invasive assessment of the large bowel. Bowel cleansing is required, in similar fashion to colonoscopy, with European guidelines recommending the use of 4 liters of polypethylene glycol for preparation \[[@b84-ce-2017-141]\]. Two meta-analyses of CCE showed this procedure had a sensitivity of 71%--73% for detection of all polyps and 68%--69% for significant findings (defined as any polyp of 6 mm or larger or more than 3 polyps), with a specificity of 75%--89% and 82%--86%, respectively \[[@b85-ce-2017-141],[@b86-ce-2017-141]\]. While these findings are comparable to those of other noninvasive measures, concerns have been raised about its accuracy, particularly when bowel preparation is considered; one study showed good or excellent preparation quality in only 52% of cases, with subsequent higher adenoma and cancer detection at colonoscopy \[[@b87-ce-2017-141]\]. It should of course be noted that individuals with lesions detected during CCE require colonoscopy for removal of the identified lesions, as CCE cannot be used to obtain histological samples. It has been shown to be well tolerated by patients \[[@b88-ce-2017-141]\], and in areas where CRC screening participation is poor, it has also been shown to improve uptake \[[@b89-ce-2017-141]\]. CCE is a potentially attractive modality for CRC screening but is currently limited by availability, expense, and the need for further procedures if lesions are detected, and further research is required before its use becomes commonplace \[[@b90-ce-2017-141]\].

Radiology
---------

Computed tomographic colonography (CTC; virtual colonoscopy) may be used to evaluate the bowel for CRC, either as an initial screening modality or after gFOBt/FIT, in the same way as colonoscopy. It requires bowel cleansing preparation with laxatives, or it can be performed with non-laxative bowel preparation with fecal tagging (wherein oral contrast is consumed and digital image manipulation is performed to provide a CT view of the bowel). Carbon dioxide is insufflated into the bowel using a small rectal catheter. In a multicenter RCT comparing CTC with colonoscopy in symptomatic patients, the detection rate of cancer or large polyps was found to be the same in both arms (11%). For lesions over 1 cm in size, CTC performed comparably to colonoscopy, but for smaller lesions, the sensitivity of CTC dropped to 50% \[[@b41-ce-2017-141]\]. CTC has a significantly higher detection rate of CRC and large polyps than that of barium enema \[[@b91-ce-2017-141]\], and barium enemas are consequently no longer considered appropriate for screening. CTC has been shown to be more acceptable to patients than barium enemas are, with greater satisfaction, and less pain, nausea, vomiting, and wind \[[@b92-ce-2017-141]\]. When CTC was compared to colonoscopy in a randomized trial, the initial satisfaction was higher with the former, but after longer follow-up and subsequent investigations, individuals who underwent initial colonoscopy were more satisfied \[[@b93-ce-2017-141]\]. A meta-analysis suggested that symptomatic patients preferred colonoscopy, as opposed to screening patients, who demonstrated a preference for CTC \[[@b94-ce-2017-141]\].

WHEN SHOULD WE SCREEN?
======================

Lower age limit
---------------

CRC is an age-related disease, with over 80% of these cancers being diagnosed in individuals over the age of 60 years \[[@b4-ce-2017-141]\]. Premalignant adenomatous polyps precede the development of cancer by at least 10 years, on average. The reported prevalence varies from around 10% of 55-year-old individuals with adenomas detected in the distal colon \[[@b56-ce-2017-141]\] to 1 in 3 people by the age of 60 years with adenomas anywhere in the bowel \[[@b95-ce-2017-141],[@b96-ce-2017-141]\]. Therefore, in most programs, CRC screening in average-risk populations commences around the age of 50--60 years \[[@b17-ce-2017-141]\].

When deciding what age group to screen, the potential benefits gained, the potential risks of undergoing screening, and the resources available should be considered. For example, as CRC prevalence increases with age, if resources are limited, maximal cost effectiveness may be obtained by screening an older cohort of patients. However, this must be balanced against the reduced number of life-years gained when screening older people. Modeling packages have been used to balance these factors and analyze the various connotations of screening modalities and age ranges screened. In America, two modeling tools (MISCAN and SimCRC) were initially used in 2009, and the study concluded that screening should take place from 50 years of age with either annual FOBt, 10-yearly colonoscopy, or FOBt every 2--3 years plus 5-yearly FS.96 Further analysis was performed in 2016 to include FIT and CTC. It explored the option of earlier onset of screening (at 45 years) in conjunction with a longer screening interval (15-yearly colonoscopy), but the researchers concluded that the minimal number of life-years gained was not justifiable given the lack of evidence to support earlier screening; further, commencing screening at 50 years with 10-yearly colonoscopy, annual FIT, 10-yearly FS combined with annual FIT, or 5-yearly CTC balanced the risks and benefits against number of life-years gained.97 Similar analyses were undertaken in England prior to commencement of the BCSP \[[@b95-ce-2017-141]\].

Upper age limit
---------------

In America, the Centers for Disease Control currently recommend screening with colonoscopy up to the age of 75 years, and thereafter on an individual basis \[[@b20-ce-2017-141]\]. This guidance is under review at present, with new guidance suggesting those between the ages of 75 and 85 years may be screened based on individual assessment of risk versus benefit, with no further screening over 85 years of age \[[@b98-ce-2017-141]\]. In England, gFOBt screening is offered routinely up to age 74 years, with opt-in available after this age. An American study of patients aged 70 years and older and undergoing at least two colonoscopies demonstrated ongoing development of new neoplastic lesions, with cancer rates rising more sharply than advanced adenoma rates \[[@b99-ce-2017-141]\]. The authors therefore suggested that colonoscopic screening still had a role for individuals aged over 70 years, but recommended that clinical judgement of co-morbidities and procedural risk be considered at all times; further, those in charge of the screening must acknowledge that new lesions detected may represent lesions missed at prior colonoscopy \[[@b99-ce-2017-141]\]. Tang et al. considered this risk in a survival benefit analysis of FS screening \[[@b63-ce-2017-141]\]. They suggested a time period of 9.4 years to prevent one death from every 1,000 invited for FS screening and weighed this against the 1 in 1,000 risk of serious complications during FS, concluding that a life expectancy of at least 10 years was required to gain benefit from screening. However, it was also suggested that this benefit depended on previous screening exposure, and in those who had never had a screening test or examination of the bowel, the "time to benefit" may be considerably shorter \[[@b100-ce-2017-141]\].

Screening frequency
-------------------

Most gFOBt programs use a biennial screening strategy. Of the four large trials of FOBt screening, three used biennial screening and one used annual screening. Systematic review of these four trials demonstrated a greater reduction in CRC mortality with annual testing than with biennial testing (33% vs. 21%) \[[@b23-ce-2017-141]\]. It should be noted that the study that performed annual screening used rehydrated samples, leading to higher positivity rates and subsequently higher numbers of colonoscopies performed, which may have influenced the CRC detection \[[@b26-ce-2017-141]\]. Where screening with colonoscopy is offered, the interval is usually 10 yearly \[[@b17-ce-2017-141]\] as per the recommendations of the American College of Physicians \[[@b101-ce-2017-141]\] and the US Multi-Society Task Force on Colorectal Cancer \[[@b102-ce-2017-141]\]. FS is offered as a oneoff, with benefits shown to extend to well over a decade \[[@b52-ce-2017-141]\].

Conclusions
===========

CRC remains a major cause of mortality worldwide. Its relatively slow natural history and lengthy and eminently treatable premalignant phase make it highly suitable for screening. Screening should be offered to those who are at increased risk of developing CRC because of family history or predisposing conditions but is also cost effective when offered to the asymptomatic population. Several methods for screening are currently available, including stool testing, colonoscopy, FS, and CTC. Other novel methods are under investigation, although their role is as yet undetermined. For an individual, the gold standard for examining the bowel is colonoscopy, and as such, despite no corroborating RCT data, this would be the optimum screening modality. However, on a population level, organized screening programs are preferable to opportunistic screening and therefore, need to be tailored to meet the needs of the population depending on resource availability. Methods such as FIT and FS are affordable, have been shown to be feasible for use in organized programs, and have been shown to reduce CRC incidence and mortality. Simulation models allow analysis of the options available when commencing or changing a screening program, particularly with regard to pressure on services, as resource availability is likely to be the limiting factor for healthcare providers. Although full organized programs are preferable, where these do not exist, CRC screening can still be performed on an opportunistic basis. The screening method used should be of the highest quality, and for endoscopic procedures, KPIs can be used to monitor quality. Established organized screening programs produce high-quality data about their performance and program structure, providing a basis for other screening programs to be developed.
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###### 

High-Risk CRC Screening Guidance

  Condition                                                                                                                                                                                      Guidance                                                                                                                                              
  ------------------------------------------------------------------------------------ --------------------------------------------------------------------------------------------------------- ----------------------------------------------------------------------------------------------------------------------------------------------------- -----------------------------------------------------------------------------------------------------------------------------
  Family History                                                                       HNPCC                                                                                                     Colonoscopy at least biennially from age 25, until age 70--75 or deemed inappropriate due to co-morbidity                                             Genetic testing of tumours. If positive genetic testing, 2-yearly colonoscopy from age 20--25 to 40, then yearly thereafter
  First degree relative with CRC/AA \<50 yr, or 2 first degree relatives with CRC/AA   Screening coordinated via genetics services                                                               5-yearly colonoscopy starting at age 40, or 10 years younger than the age at diagnosis of the youngest affected relative                              
  IBD                                                                                  UC or Crohn's colitis                                                                                     Screening colonoscopy after 10 years                                                                                                                  Pancolitis: 8--20 years from diagnosis---2--3-yearly colonoscopy, then yearly
  Subsequent interval (1--5 yr) dependent on findings                                  Left-sided colitis: 15--20 years from diagnosis---2--3-yearly colonoscopy, then yearly                                                                                                                                                                          
  UC with PSC                                                                          Yearly colonoscopy                                                                                        Screening from time of diagnosis                                                                                                                      
  Other groups                                                                         Acromegaly                                                                                                Screening commences age 40. Interval (3 yr or 5--10 yr) dependent on findings                                                                         
  FAP/polyposis syndromes                                                              FAP: Annual flexible sigmoidoscopy and alternating colonoscopy from diagnosis until colectomy indicated   Those with FAP or at risk of FAP---yearly flexible sigmoidoscopy or colonoscopy until colectomy. Post surgical surveillance depends on polyp burden   
  *MUTYH*-associated polyposis: colonoscopy 2--3 yearly from age 25                                                                                                                                                                                                                                                                                    
  Uterosigmoidostomy                                                                   Yearly flexible sigmoidoscopy                                                                             \-                                                                                                                                                    
  Peutz-Jeghers Syndrome                                                               Colonoscopy biennially from age 25                                                                        \-                                                                                                                                                    

CRC, colorectal cancer; HNPCC, hereditary non-polyposis colorectal cancer; IBD, inflammatory bowel disease; AA, advanced adenomas; UC, ulcerative colitis; PSC, primary sclerosing cholangitis; FAP, familial adenomatous polyposis.

###### 

CRC Screening with gFOBt Trials

  Location                                  Design   Screening age   Testing frequency              gFOBt positivity (%)   CRC incidence rate vs. control         CRC mortality rate vs. control         All cause mortality rate vs. control     CRC Mortality reduction (%)   Dukes' A % vs. control
  ----------------------------------------- -------- --------------- ------------------------------ ---------------------- -------------------------------------- -------------------------------------- ---------------------------------------- ----------------------------- ------------------------
  Nottingham, UK \[[@b24-ce-2017-141]\]     RCT      45--74          Biennial vs. none              1.2--2.7               1.51 vs. 1.53 (per 1,000 patient yr)   0.70 vs. 0.81 (per 1,000 patient yr)   24.18 vs. 24.11 (per 1,000 patient yr)   13                            20 vs. 11
  Funen, Denmark \[[@b25-ce-2017-141]\]     RCT      45--75          Biennial vs. none              0.8--3.8               2.06 vs. 2.02 (per 1,000 patient yr)   0.84 vs. 1.00 (per 1,000 patient yr)   28.30 vs. 28.40 (per 1,000 patient yr)   16                            22 vs. 11
  Minnesota, USA \[[@b26-ce-2017-141]\]     RCT      50--80          Annual vs. biennial vs. none   1.4--5.3               32--33 vs. 39 (per 1,000)              0.67 vs. 1.00 (per 1,000)              342--340 vs. 343 (per 1,000)             33                            30 vs. 22
  3.9--15.4 (rehydrated)                                                                                                                                                                                                                                                        
  Goteborg, Sweden \[[@b27-ce-2017-141]\]   RCT      60--64          Biennial                       1.9                    1.53 vs. 1.60 (per 1,000 patient yr)   0.53 vs. 0.64 (per 1,000 patient yr)   22.48 vs. 22.10 (per 1,000 patient yr)   16                            26 vs. 9
  1.7--14.3 (rehydrated)                                                                                                                                                                                                                                                        

CRC, colorectal cancer; gFOBt, guaiac fecal occult blood testing; RCT, randomized controlled trial.

###### 

gFOBt Programmes

  Location                                             Design                                                                            Screening age   Uptake (%)   Testing frequency   gFOBt positivity (%)   CRC incidence after positive gFOBt   Adverse events                   Dukes' A/TNM stage 1 (%)
  ---------------------------------------------------- --------------------------------------------------------------------------------- --------------- ------------ ------------------- ---------------------- ------------------------------------ -------------------------------- -------------------------------------------------------------
  England \[[@b15-ce-2017-141], [@b28-ce-2017-141]\]   National screening programme                                                      60--74          52.0--55.4   Biennial            2.0--2.1               8.3--10.1                            Not reported                     41.8^[a)](#tfn1-ce-2017-141){ref-type="table-fn"}^ (Dukes')
  Scotland \[[@b32-ce-2017-141]\]                      National screening pilot 1st round                                                50--69          55.0         Biennial            2.1                    21                                   0.1%--0.4% requiring admission   49.2 (Dukes')
  2nd round                                                                                                                              53.0                         1.9                 12                                                          40.1 (Dukes')                    
  3rd round                                                                                                                              55.3                         1.2                 7                                                           36.3 (Dukes')                    
  Finland \[[@b33-ce-2017-141]\]                       Randomised trial embedded within routine health services (1:1 screened:control)   60--69          68.8         Biennial            3.6                    3.6                                                                   \-
  France \[[@b29-ce-2017-141]\]                        National screening programme                                                      50--74          34.3         Biennial            2.8                    7.5                                  200/72433 colonoscopies          43.4 (TNM)
  Croatia \[[@b34-ce-2017-141]\]                       National programme                                                                50--74          19.9         Not stated          6.9                    3.8                                  Not reported                     Not reported

gFOBt, guaiac fecal occult blood testing; CRC, colorectal cancer; TNM, tumor, node, metastasis.

Includes polyp cancers plus Dukes' A.

###### 

FIT Screening Outcomes

  Location, yr                               Design                       Age      FIT cut off (ng/mL)   FIT positivity (%)   FIT CRC incidence (%)   gFOB t positivity (%)   gFOBt CRC incidence (%)
  ------------------------------------------ ---------------------------- -------- --------------------- -------------------- ----------------------- ----------------------- -------------------------
  Netherlands, 2008 \[[@b48-ce-2017-141]\]   RCT---FIT vs. gFOBt          50--75   100                   5.5                  0.2                     2.4                     0.1
  Netherlands, 2010 \[[@b49-ce-2017-141]\]   RCT---FIT vs. gFOBt vs. FS   50--74   100                   4.8                  0.5                     2.8                     0.3
  Scotland, 2013 \[[@b42-ce-2017-141]\]      Block evaluation of FIT      50--74   400                   2.4                  0.1                     \-                      \-

FIT, fecal immunochemical testing; CRC, colorectal cancer; gFOBt, guaiac fecal occult blood testing; RCT, randomized controlled trial; FS, flexible sigmoidoscopy.

###### 

Flexible Sigmoidoscopy Screening Trials

  Location                                            Design   Screening age   CRC incidence (control vs. intervention per 100,000 person yr)   CRC incidence reduction (%)   CRC mortality (control vs. intervention per 100,000 person yr)   CRC mortality reduction (%)   Adenoma detection rate (%)
  --------------------------------------------------- -------- --------------- ---------------------------------------------------------------- ----------------------------- ---------------------------------------------------------------- ----------------------------- ----------------------------
  Norway \[[@b50-ce-2017-141], [@b57-ce-2017-141]\]   RCT      50--64          141 vs. 113                                                      20                            43 vs. 31                                                        27                            17
  Single FS vs. no screening                                                                                                                                                                                                                                                 
  UK \[[@b52-ce-2017-141], [@b56-ce-2017-141]\]       RCT      55--64          149 vs. 114                                                      23                            44 vs. 33                                                        31                            12.1
  Single FS vs. no screening                                                                                                                                                                                                                                                 
  Italy \[[@b54-ce-2017-141]\]                        RCT      55--64          176 vs. 144                                                      18                            44 vs. 35                                                        22                            \-
  Single FS vs. no screening                                                                                                                                                                                                                                                 
  USA \[[@b55-ce-2017-141]\]                          RCT      55--74          152 vs. 119                                                      21                            39 vs. 29                                                        26                            \-
  FS at year 0, and year 3 or 5 vs. no screening                                                                                                                                                                                                                             

CRC, colorectal cancer; RCT, randomized controlled trial; FS, flexible sigmoidoscopy.
